Transcranial electrical stimulation (TES) includes methods such as transcranial direct current stimulation, transcranial random noise stimulation, and transcranial alternating current stimulation. These methods provide novel ways of enhancing human cognitive abilities for restorative purposes, or for general cognitive enhancement, by modulating neuronal activity. I discuss here the basic principles behind these methods and provide some illustrations of their efficacy in cognitive enhancement in those with typical and atypical brain function. Next, I outline some future directions for research that are have been largely neglected, such as the issue of individual differences, cognitive side effects, the efficacy of TES for use with healthy elderly populations, children with atypical development, and sports. The results observed thus far with TES as well as its future possibilities have significant implications for both basic and translational neuroscience.
The rst associations from the conjunction of "electricity" and "brain stimulation" are probably negative for most people. Indeed, most of the public, are aware of electroconvulsive therapy (ECT), often referred to as "electroshock", and its deleterious effects on cognition (e.g., amnesia) [1] . However, in the new millennium a burst of studies using transcranial electric stimulation (TES) have demonstrated that the delivery of a low current of electricity to well-defined brain regions can positively a ect human mental health and well-being in areas such as pain [2] , migraines [3] and psychiatric illnesses [4] . The aim of the current paper is to introduce TES methods within the framework of cognitive enhancement, a topic with important implications for translational neuroscience. I further discuss recent advancements, as well as the application of TES in different domains and in different populations, and I end by raising some ideas for future directions that are likely to have a high potential for future use.
The most widely-known method of noninvasive brain stimulation is transcranial magnetic stimulation (TMS). In TMS a magnetic coil is placed above the scalp and delivers magnetic pulses in order to induce action potentials in brain region beneath the coil as well as connected brain regions [5] [6] [7] [8] [9] . Although TMS has been shown to be a powerful tool to modulate human performance, mostly by causing 'virtual' impairment [10] , I focus here on TES for several reasons. Despite the utility of TMS, relative to TMS, TES is more portable, painless, inexpensive, safer, and potentially has greater long-term efficacy. In addition, TES allows much better control for placebo treatment (sham stimulation). Namely, in contrast to TMS, in most of the cases subjects cannot di erentiate between sham stimulation and real TES [11] . This is a fundamental issue in experiments that use single-or double-blind design.
The recent results obtained from TES experiments offer exciting possibilities for the enhancement and treatment of normal or impaired abilities, respectively [12] [13] [14] . These characteristics increase the likelihood of future use of TES with different populations, outside of the clinic and laboratory, in the home, office, and in educational institutes.
Meet the TES family
In contrast to some misconceptions, some of which are encouraged by the popular media (http://www.guardian.co.uk/science/2012/ j u n / 0 3 / e l e c t r i c a l -b r a i n -s t i m u l a t i o ntreatments), it is not a 'shocking' family. In TES, weak electrical currents, usually in the order of 1-2 mA, are applied to the head via electrodes.
The electrodes, most frequently at the size of 25-35cm 2 , are placed on the scalp above the area that the experimenter is interested in affecting.
When the current is applied constantly over a short duration (~20 min) it passes painlessly through the scalp and skull and alters spontaneous neural activity [15] . In what follows I will describe three different forms of stimulation that di er according to the pattern of the current: transcranial direction current stimulation (TDCS), transcranial random noise stimulation (TRNS), and transcranial alternating current stimulation (TACS). closer to the activation threshold and therefore increases tissue excitability [16] [17] [18] . The reverse polarity, cathodal stimulation, inhibits cell firing and decreases excitability [16] [17] [18] . Most of the studies so far found that anodal stimulation improved human performance, while cathodal stimulation impaired human performance [14, 19] . However, some exceptions to that, in which no e ect for cathodal stimulation or the opposite pattern (i.e., enhancement rather than impairment), were reported [20] [21] [22] . Jacobson et al. [14] have attributed these inconsistencies to several possible mechanisms. 
Transcranial direction current stimulation (TDCS)
TDCS
Transcranial random noise stimulation (TRNS)
TRNS is a young form of TES, first employed experimentally in 2008 [39] , which involves the application of alternating currents at di erent frequencies to the scalp. The technique is preferred over TDCS for its higher cutaneous perception threshold [40] , making it easier to maintain experimental blinds, and for its oscillatory rather than direct current, which ensures application is polarity (i.e. anodal and cathodal)-independent [41] . TRNS typically of implicit motor learning as tested with a variation on the serial-reaction time task [39] .
The group expanded on these findings in an attempt to de ne a duration threshold for the production of corticoexcitatory effects.
They showed that TRNS stimulation lasting just 5 minutes was capable of signi cantly increasing M1 corticoexcitability [42] . Further work has extended the findings with TRNS to other domains including perceptual learning [43] , and arithmetic learning [44] . The effect of TRNS has been suggested to be facilitatory at both electrodes. In addition, it has been shown that compared to anodal TDCS, high-frequency TRNS (100 to 640 Hz) yields even more powerful results [43] .
Transcranial alternating current stimulation (TACS)
While in TRNS alternating currents at random frequencies are applied to the scalp, TACS utilizes alternating current in a given frequency range (e.g., alpha (8-14 Hz), beta (14-22 Hz) [45, 46] . However, it should be noted that other forms of TACS are also possible such as using pulses of unidirectional current in rectangular waves.
In such cases, the intensity will be increased rapidly to the desired amplitude, will be held at the peak without any change (as in TDCS), and will drop rapidly to zero [46] .
As in TRNS, the underlying mechanisms for TACS are unclear at the moment. However, the application of an alternating current at a certain frequency band to affect intrinsic cortical oscillations is promising, given the range of perceptual [45, 47] , motor [48] , and cognitive phenomena (e.g., learning and memory [49] , feature binding [50] ) that might be attributed to changes in brain oscillatory activity [51] .
However, it is unclear at the moment whether the application of TACS in these domains will enhance cognitive performance or will impair cognitive performance. Moreover, in contrast to the high cutaneous perception threshold for TRNS [40] , TACS have a lower cutaneous perception threshold that might lead to a distinction between real and sham stimulation. However, applying different ranges of frequencies as a control to stimulation in a more optimal frequency band can allow a further control in this case [e.g., 45].
Cognitive enhancement in healthy subjects and neurological patients
There are several ways to enhance cognitive abilities, whether for restorative purposes or taking individuals 'beyond the norm' , with pharmacological interventions, such as Methylphenidate (Ritalin), Atomoxetine (Strattera), and Modafinil (Provigil) [52] , being the most frequently used. However, these drugs lead to di use e ects at the brain level and their effect is usually for a short-term period.
This in turn might increase user-dependency
and addiction [52, 53] . In this respect TES has important advantages as it seems to maximally a ect the brain region beneath the electrode [54] , and it has been shown to have effects that can last from up to a few months or a year [22, 55, 56] . I will now discuss the effects of TES on human cognition with a focus on the populations that have been studied most extensively: healthy adults (cf Table 1 ), and neurological patients (e.g., stroke patients, Alzheimer patients, cf Table 2 not alter neuronal excitability [25] , but leads to similar sensations over the scalp following habituation of this 'tingling' sensation [11, 40] . Table 1 and Figure 1) . A recent metaanalysis [14] , noted that in cognitive studies in the domains of attention/perception, language, memory, and executive functions, the mean effect size for anodal stimulation was 0.49, which indicates a medium-to-large effect size. Table 1 according to the 10-20 international EEG reference system. Some of the findings did not fall in the exact location and were estimated based on the description in these studies. Some of the circles have been inflated in order to emphasize the abundance of findings in the respective location. Abbreviation: A=Attention; L=Language; M=Motor; Me=Memory; N=Numerical; V=Vision. Table   1 . TES studies on cognitive functions involving normal populations. Rt. = right; lt. = left; RT = reaction time; ACC = accuracy; ATDCS = anodal transcranial direct current stimulation; CTDCS = cathodal transcranial direct current stimulation; (hf-/lf ) TRNS = (high-frequency/low-frequency) transcranial random noise stimulation; RALC = rt.-anodal, lt.-cathodal; RCLA = rt.-cathodal, lt.-anodal; WM = working memory; SMA = supplemental motor area; M1 = primary motor cortex; STG= superior temporal gyrus; IFG = inferior frontal gyrus; DLPFC = dorsolateral prefrontal cortex; PC = parietal cortex; PPC = posterior parietal cortex; IPL = inferior parietal lobe, SPL = superior parietal lobe; WS = within-subject design; BS = betweensubject design; N/A = detailed information not available. that TDCS could lead to faster mastery of the learned material [59] .
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As shown in In addition, different studies used different electrode sizes, durations of stimulation, and in some cases di erent stimulation sites to enhance similar cognitive abilities (e.g., working memory). As a result, in some fields, especially those that relate to high-level cognitive functions, as opposed to motor functions, there is no clear consensus of the optimal protocol that needs to be applied in order to enhance cognitive functions [59] . This caveat should be resolved in order for TES to be applied for cognitive enhancement outside of a laboratory setting.
Cognitive enhancement in healthy adults, has important implications for basic science,
and also provides a proof of principle for the potential of TES to enhance cognitive abilities.
However, to demonstrate the potential of TES as a useful tool for rehabilitation studies, researchers have combined TES and cognitive training in patients ( Table 2) . These studies include, but are not limited to, memorization of words [60] , repeated naming of objects presented in a picture [32] , or reading practice [61] .
There Therefore, the right approach should be decided on a patient to patient basis. For example, in some patients the neurological damage might be so substantial leaving little or no intact brain tissue in the region involved in the impaired cognitive function, therefore suggesting that stimulation of the contralesional brain region might be the best way forward [62] . However, we should note that another montage that includes bihemispheric TES, in which anodal TDCS increases excitability of ipsilesional brain regions and cathodal TDCS reduces excitability of the contralesional brain region has also been used [68] , although such a montage is currently not employed frequently in the cognitive domain.
As indicated by Table 1 It is clear that a better understanding of the interaction between individual di erences and TES is important to improve its efficacy.
As for mental cost(s), while so far most studies have focused their attention on possible physical (e.g., itching) and neurological (e.g., headache) side effects of TES [40, 76] , the possibility of cognitive side effects due to TES, as well as their persistence, have received little attention [77] . Most of the studies so far have 
Future directions
The field of TES is moving fast. More labs are incorporating TES as part of their techniques, especially as the method is relatively inexpensive and easy to implement. In addition, biomedical companies are entering into this new emerging field. In this section, I
will discuss a few directions for future research that I think are of substantive importance.
These are the inclusion of healthy aging on the one end, and children with atypical development on the other end, and the application of TES in sports.
Studies on healthy elderly and this bene t may be even more substantial the older the person is [82] . If it will appear that TES can improve skill acquisition in elderly, as it has been shown in young adults [13, 44] , it will provide a route to improve life quality for the increasing number of elderly who due to increasing life expectancy have more time for leisure activity, and need to develop new skills in their generation (e.g., computer use).
Studies on children
The lack of studies on children with atypical development is even more substantial.
However, it has a better rationale than not studying the elderly. Specifically, at the moment it is unclear what effects TES might have on the developing brain. On the one hand, it might improve atypical cognitive abilities, such as dyslexia, dyscalculia, dysgraphia, and attentional de cits [83] . On the other hand, it might change the balance or coordination between brain regions and elicit impairments in another cognitive domain, or no improvement in the pre-existing impaired ability.
Some issues pertaining to the application of TES to minors are relatively familiar from other contexts [84] , such as the need to obtain valid consent either from a competent adolescent or from the parent/guardian.
However, a crucial issue is the possible effect on brain development and the degree to which enhancing some capacities may lead to a deterioration of other capacities. To date, most research on cognitive enhancement using TES has focused on improving average or impaired abilities. However, such enhancement may come at a cost in some cases [85] , and this possibility has not received much attention in TES studies [86] . Highly-developed capacities in certain cognitive domains in some individuals are accompanied by reduced functioning in others [87] . However, as discussed earlier the potential cognitive side effects of TES, are at the moment unclear.
If TES does enhance some abilities at a cost to others, then one will need to weigh its costs and benefits. This could mean that TES might in the future become mandatory as a treatment for developmental disorders. Obviously, this raises neuroethical issues that will have to be resolved in collaboration with ethicists [77] .
One of the applications in this respect is in the field of education, such as difficulties with literacy and numeracy. Previous studies on adults (Tables 1-2 ) have shown the potential of TES to improve some components that relate to these cognitive abilities. However, due to the nature of these cognitive skills it is not possible to assess the safety of TES in these domains via standard pre-clinical experimental routes (e.g., animal models). As the mature brain and the developing brain di er in anatomy and function [88] [89] [90] , data on the effect of TES on the adult brain may not reveal possible side effects of stimulating a developing brain, and might provide little information on efficacy.
Further, the atypically developing brain may respond di erently from the typically developing brain. Thus, it seems impossible to gather adequate data on efficacy and side e ects without testing the speci c target population. In addition, whereas TES seems to be safe in adults when proper protocols are followed, it remains unclear whether adverse effects, which do not seem to appear in adults, might occur in younger participants.
It could be argued that in light of this lack of understanding, scientists should not proceed to examine the potential use of TES in children.
The issues that I raise in this section are indeed difficult to address. However, I believe that failing to address these issues would deprive a large population of children of potentially improved psychological abilities, which will have adverse individual and social implications [91] .
Sports
As a potential enhancement in healthy subjects, TES raises issues familiar to ethicists from discussions of pharmacological interventions [77] . Without delving into a long discussion on the neuroethical implications of using TES for cognitive and physical enhancement [52, 77, 92] , TES could possibly be used to improve performance in sports and thus raises ethical questions akin to those surrounding doping in sport [93] . TES has a unique feature that makes this issue more pressing: unlike most pharmaceutical enhancements, currently it is not possible to detect that TES has been used to enhance an individual's cognitive or noncognitive abilities. For example, in professional sport, blood and urine samples are routinely used to establish whether performance enhancers have been used. A previous study has indicated that TES can increase muscle endurance and decrease muscle fatigue in normal subjects [94] . Another aspect is the application of TES to improve mental preparation before the game.
Currently, this is moderated mostly by sport psychologists. However, some have suggested that TES might be used to generate that feeling of e ortless concentration that characterises outstanding performance [97] .
Although this section is at the moment rather speculative (just like the suggestion that we could use TES to enhance cognitive functions was in the previous millennia), and we cannot yet be con dent that the ndings cited above have ecological validity, they provide a potential eld of research and possible use that basic and translational scientists as well as policy makers should be aware of and which I anticipate will receive considerable attention in the future.
Conclusions
TES has been shown to improve a plethora of cognitive abilities in both healthy adults and adults with neurological impairments.
However, compared to other non-invasive stimulation methods, such as TMS, it is less studied, less known to the scientists (albeit it has recently received increased attention from the media), and its operating mechanisms are less clear. TES has important characteristics that make it attractive for the purpose of cognitive enhancement, and due to parameters such as portability, comfort, low financial burden, safety, long-term efficacy, and the relative ease of use, it has strong potential to be used as part of a therapeutic intervention or for taking individuals 'beyond the norm' . Although research so far is promising, future studies should expand the current research vertically (optimising parameters, and TES-cognitive training combination, neural mechanisms for TES), and horizontally (individual differences, cognitive side effects, and TES effects on the healthy elderly and atypically developing children).
Successful research in these domains will have positive impact on translational neuroscience and, in turn, on public well-being. 
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